INTRODUCTION

43
The centrosome is a small, non-membranous organelle that serves as the primary microtubule-44 organizing center in animal cells. Each centrosome consists of a pair of barrel-shaped centrioles that 45 are surrounded by a network of proteins called pericentriolar material (PCM). During mitosis, two 46 centrosomes organize bipolar spindles that segregate genomic content equally into two daughter cells.
Thus, tight control of centrosome number is vital for the maintenance of genomic integrity during cell 7 from broods containing the highest frequency of F1 rollers. Using the primers, forward: 5'-149 TGCCCAAAATACGACAACG-3' and reverse: 5'-TACACTACTCACGTCTGCT-3', we amplified the 150 region of sas-5 containing the KEN-box sequence. As the repair template for the sas-5 mutation   151 introduces an Hpy8I restriction enzyme (NEB, Ipswich, MA, USA) cutting site, we used an Hpy8I 152 enzyme digestion to test for the introduction of our targeted mutation. After isolating homozygotes 153 based on the Hpy8I cutting, we confirmed the SAS-5 mutation by genomic DNA sequencing.
154
Sequencing revealed that several lines were homozygous for the SAS-5 KEN-to-3A mutation (Table S1, 155 Figure 5A ). However, the strain MTU14, contained all of the silent mutations that we designed to disrupt 156 Cas9 recognition without affecting the KEN-box (Table S1, Figure 5A ). Thus, we used MTU14 as a 157 control for our assays. 163 (Medley et al. 2017) , and Alexa Fluor 488 and 561 (Invitrogen, Carlsbad, CA, USA) as secondary 164 antibodies. Confocal microscopy was performed as described (Stubenvoll et al. 2016 centrosomal SAS-5 signals, the average intensity within an 8-pixel (1 pixel = 0.151 µm) diameter region 170 was measured within an area centered on the centrosome and the focal plane with the highest average 171 intensity was recorded. Centrosomal TBG-1 (γ-tubulin) levels were quantified in the same manner, 172 except that a 25-pixel diameter region was used. For both SAS-5 and TBG-1 quantification, the average fluorescence intensity within a 25-pixel diameter region drawn outside of the embryo was used Embryos were collected from gravid worms using hypochlorite treatment (1:2:1 ratio of M9 buffer, For western blotting, samples were sonicated for five minutes and boiled in a solution of 2X Laemmli (Invitrogen, Carlsbad, CA, USA). The iBlot Gel Transfer system (Invitrogen, Carlsbad, CA, USA) was 204 then used to transfer samples to a nitrocellulose membrane. The following antibodies were used at 
207
IRDye secondary antibodies (LI-COR Biosciences, Lincoln, NE, USA) were used at a 1:10,000 dilution.
208
Blots were imaged using the Odyssey infrared scanner (LI-COR Biosciences, Lincoln, NE, USA), and 209 analyzed using Image Studio software (LI-COR Biosciences, Lincoln, NE, USA).
211
Statistical Analysis
212
All p-values were calculated using two-tailed t-tests assuming equal variance among sample groups.
213
Statistics are presented as Average ± standard deviation (SD) unless otherwise specified. Data were 214 independently replicated at least three times for all experiments and subsequently analyzed for 220 Figure S1 . Centrosome-associated TBG-1 levels are unaffected in fzr-1(bs31) and sas-5 KEN-to-3A mutant 221 embryos.
222 Figure S2 . Brood size in sas-5 and fzr-1(bs31) mutants.
223 Figure S3 . SAS-5 levels are increased in sas-5 KEN-to-3A mutants.
224
Table S1. List of strains used in this study. The szy-14 mutation restores centrosome duplication to zyg-1(it25) mutants
225
231
Through a genetic suppressor screen (Kemp et al. 2007) , the szy-14 (suppressor of zyg-1) gene was 232 originally identified that restores embryonic viability of the partial loss-of-function zyg-1(it25) mutant.
233
The zyg-1(it25) mutant embryo grown at the restrictive temperature (24°) fails to duplicate centrosomes 234 during the first cell cycle, resulting in monopolar spindles at the second mitosis and 100% embryonic 235 lethality (O'Connell et al. 2001) . A complementation test identified two alleles, szy-14(bs31) and szy-236 14(bs38), of the szy-14 mutation that partially restore the embryonic viability of zyg-1(it25) but show 237 slow growth phenotype without obvious cytological defects, indicating that the szy-14 gene is not 238 essential for embryonic viability (Table 1 , (Kemp et al. 2007) .
speculated that the szy-14 mutation might suppress the embryonic lethality of zyg-1(it25) mutants via 241 restoration of centrosome duplication. To examine centrosome duplication events, we quantified the 242 percentage of bipolar spindles at the second mitosis, which indicates successful centrosome 243 duplication during the first cell cycle ( Figure 1A and B ). At the restrictive temperature 24°, both double 244 mutant embryos, zyg-1(it25); szy-14(bs31) (79.9±22.0%) and zyg-1(it25); szy-14(bs38) (51.4±24.4%) 245 produced bipolar spindles at a significantly higher rate, compared to zyg-1(it25) single mutant embryos 246 (3.3±4.4%) ( Figure 1B ). Our observation suggests that the szy-14 mutation restores centrosome 247 duplication in zyg-1(it25) embryos, thereby restoring embryonic viability to zyg-1(it25) mutants.
249
Molecular identification of szy-14 250
The szy-14 gene was initially mapped to the right arm of chromosome II between the morphological 251 markers dpy-10 and unc-4 (Kemp et al. 2007 ). Using fine physical mapping, we located szy-14 to an 252 interval of 161-Kb (ChrII: 9621265..9782352; Wormbase.org) that contains several known cell cycle fzr-1 encodes a conserved co-activator of the anaphase promoting complex/cyclosome 263 (APC/C), the C. elegans homolog of Cdh1/Hct1/Fzr (Schwab et al. 1997; Sigrist and Lehner 1997;  264 Visintin et al. 1997; Fay et al. 2002) . The APC/C is an E3 ubiquitin ligase that orchestrates the 265 sequential degradation of key cell cycle regulators during mitosis and early interphase (Song and Rape 266 2008). As part of this process, specific activators modulate the APC/C activity in different phases of 267 mitosis. Specifically, FZR-1/Cdh1 modulates the APC/C at late mitosis and events in G1 during the time 268 when centrosome duplication occurs. In each of the fzr-1 mutant alleles, the single substitution leads to 269 a missense mutation ( Figure 1C ). The fzr-1(bs31) mutation results in a missense mutation (C612Y) 270 within the conserved WD40 repeat domain that is known to be involved in protein-protein interactions 271 and is important for substrate recognition (Kraft et al. 2005; He et al. 2013 ). The fzr-1(bs38) mutation 272 produces a missense mutation (R65C) at the conserved C-box of FZR-1. The C-box is known to be 273 crucial for the physical interaction between FZR-1 and other APC/C subunits (Schwab et al. 2001;  274 Thornton et al. 2006; Chang et al. 2015; Zhang et al. 2016) . Thus, both fzr-1(bs31) and fzr-1(bs38) 275 mutations appear to affect conserved domains that are critical for the function of the APC/C complex, 276 suggesting that FZR-1 might regulate centrosome duplication through the APC/C complex.
278
FZR-1 localizes to nuclei and centrosomes during early cell division 279
To determine where FZR-1 might function during the early cell cycle, we produced two independent nuclear envelop reforms. After NEBD, FZR-1 becomes apparent at spindle microtubules, and 287 centrosomes that co-localize with SPD-2, a centrosome protein ( Figure 2B ). Both GFP-tagged FZR-1 288 transgenic embryos exhibit similar subcellular distributions, except a slight difference in fluorescent 289 intensity (not shown). Our observations suggest that C. elegans FZR-1 might direct APC/C activity at 290 centrosomes during late mitosis in early embryos, which is consistent with the role of FZR-1 as the co-291 activator of the APC/C at late mitosis in other organisms (Raff et al. 2002; Zhou et al. 2003; Meghini et 292 al. 2016) .
for ubiquitin-mediated proteolysis, inhibiting FZR-1 should protect SAS-5 from degradation leading to 340 SAS-5 accumulation. To examine how the fzr-1 mutation affected SAS-5 stability, we immunostained 341 embryos with anti-SAS-5, and quantified the fluorescence intensity of centrosome-associated SAS-5 342 ( Figure 4A and 4B) . As ZYG-1 is required for SAS-5 localization to centrosomes, hyper-accumulation of 343 SAS-5 might compensate for partial loss-of-function of ZYG-1, thereby restoring centrosome duplication 344 to zyg-1(it25) mutants. In fact, our quantitative immunofluorescence revealed that fzr-1(bs31) embryos 345 exhibit a significant increase (1.41±0.42 fold; p<0.001) in centrosomal SAS-5 levels at the first 346 anaphase, compared to wild-type ( Figure 4B ). Consistently, compared to zyg-1(it25) single mutants, 347 zyg-1(it25); fzr-1(bs31) double mutant embryos exhibit a 1.48-fold increase (p<0.001) in centrosome-348 associated SAS-5 levels ( Figure 4B ). Indeed, centrosomal SAS-5 are restored to near wild-type levels 349 in zyg-1(it25); fzr-1(bs31) double mutants (0.95±0.44 fold; p=0.003). We, however, observed no 350 significant changes in centrosomal TBG-1 (γ-tubulin) levels in fzr-1(bs31) mutants ( Figure S1 ).
351
Elevated protein levels might influence centrosome-associated SAS-5 levels in fzr-1(bs31) 352 mutants. To determine how inhibition of the APC/C FZR-1 affected overall protein levels, we performed 353 quantitative western blot analysis using embryonic protein lysates and antibodies against centrosome 354 proteins ( Figure 4C ). Our data indicate that fzr-1(bs31) embryos possess increased SAS-5 levels (~1.5-355 fold), relative to wild-type embryos, while the levels of SAS-6 and TBG-1 are not significantly affected in 356 fzr-1(bs31) mutants ( Figure 4C ). Our observation on the SAS-6 levels in fzr-1(bs31) mutants is 357 consistent with previous work by Miller et al., 2016, showing no increase in SAS-6 levels by the mat-358 3(bs29)/APC8 mutation that inhibits the APC/C function. These results suggest that C. elegans utilizes 359 a different mechanism to control SAS-6 levels, unlike Human SAS-6 that is regulated by the APC/C-and centrosomal levels of SAS-5, suggesting that the APC/C FZR-1 might control SAS-5 levels via Figure 5A ).
376
The sas-5 KEN-to-3A mutant embryo exhibits no obvious cell cycle defects or embryonic lethality (Table 1) , 377 consistent with fzr-1 mutants (Kemp et al., 2007) . sas-5 KEN-to-3A animals exhibit a slightly reduced 378 (~80%) and irregular distribution of brood size within the population ( Figure S2 ). Reduced brood size 379 and slow growth phenotypes were previously reported in fzr-1 mutant alleles (Fay et al. 2002; Kemp et 380 al. 2007 ).
381
Next, we asked how the sas-5 KEN-to-3A mutation affected zyg-1(it25) mutants. If the APC/C FZR-1 -382 mediated proteolysis of SAS-5 accounts for the suppression of zyg-1, sas-5 KEN-to-3A mutants should 383 mimic the fzr-1 mutation that suppresses zyg-1 mutants. By mating the sas-5 KEN-to-3A mutant with zyg-384 1(it25) animals, we tested whether the sas-5 KEN-to-3A mutation could genetically suppress zyg-1 mutants, 385 by assaying for embryonic viability and centrosome duplication (Table 1, Figure 5B ). For the zyg-1(it25) 386 mutant control in this experiment, we used the strain MTU14 [zyg-1(it25); sas-5 KEN-to-KEN , Table S1 ] that 387 contains the equivalent modifications, except the KEN-box, to the sas-5 KEN-to-3A mutation ( Figure 5A Figure 1. fzr-1 mutations restore bipolar spindle formation to zyg-1(it25) . (A) Embryos grown at 24° stained for centrosomes (SAS-4), microtubules and DNA, illustrating mitotic spindles at the second mitosis. In zyg-1(it25); fzr-1(bs31) and zyg-1(it25); fzr-1(bs38) double mutant embryos, bipolar spindle formation is restored, whereas the zyg-1(it25) mutant embryo forms monopolar spindles. The N2 embryo is shown as a wild-type control that shows bipolar spindles. Bar, 10 µm. (B) Quantification of bipolar spindle formation during the second cell cycle. At the restrictive temperature (24°), a great majority of zyg-1(it25) mutant embryos form monopolar spindles (3.3±4.4% bipolar spindles, n=660 blastomeres). In contrast, bipolar spindle formation is restored in zyg-1(it25); fzr-1(bs31) (79.9±22.0% bipolar spindles, n=276 blastomeres, p<0.001) and zyg-1(it25); fzr-1(bs38) (51.4±24.4% blastomeres, n=404 blastomeres, p<0.001) double mutants. Wild-type (N2) embryos invariably assemble bipolar spindles (100% bipolar spindles, n=600 blastomeres). Average values are presented. Error bars represent standard deviation (SD). ***p<0.001 (two-tailed t-test). (C) Schematic of FZR-1 protein structure illustrates functional domains and the location of the missense mutations: R65C within the Cbox in the fzr-1(bs38) mutant, and C612Y within WD40 domain in the fzr-1(bs31) mutant allele. -1(bs31) Dashed line extends 1.5 times the inter-quartile range or to the minimum and maximum data point. Figure S2. Brood size in fzr-1(bs31) and sas-5 KEN-to-3A mutants. (A) fzr-1(bs31) mutants produce reduced brood size (158.4±78.4, n=14 hermaphrodites; p<0.001) compared to wild-type animals (319.6±43.9, n=15
hermaphrodites) grown at 24°. Note that fzr-1(bs31) mutants produce a wide range of distribution in brood size among 14 animals tested, which is also seen in sas-5 
